Abstract-This paper presents the design, analyses and implementation of an optimized single stage high power wireless charging system capable of transferring 100 kW at an operating frequency of 22 kHz and a coil-to-coil distance of 5 inches. The detailed design and implementation of the power electronics including the high frequency inverter and rectifier and wireless power transfer coils along with the resonant stage are described. FEA simulation results of the coils and the resonant network analysis are validated by using a Venable frequency response analyzer. Experimental results corresponding to 50 kW operation are presented to validate the design process.
I. INTRODUCTION
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than an hour [1] , [2] . As the charging power level increases, DC fast charging which is a conductive charging technique requires bulkier cables which adds to the weight and makes the charging process cumbersome. It also requires active thermal management of the conducting cable and this makes the charging system susceptible to leaks and the associated hazards.
Wireless inductive charging based on wireless power transfer (WPT) is a safe and convenient form of EV battery charging. It does not require the manual connection of charge cables, provides galvanic isolation from the grid to the vehicle, is suitable for autonomous charging application, and is more immune to inclement weather [3] , [4] . Society for Automotive Engineers (SAE) published a technical information report TIR J2954 in 2017, which is a precursor to SAE J2954 a standard for WPT for light-duty plug-in electric vehicles and alignment methodology. TIR J2954 deliberates on the wireless charging systems of power levels up to 22 kW [5] . Although there has been considerable amount of research and development work focusing on several aspects of wireless charging of EVs at power levels (< 22 kW) [1] - [6] , there have only been a few articles which focus on WPT and wireless charging at (100 kW) power level. High power wireless charging can be a viable candidate for realizing extreme fast charging in a convenient and safe manner.
The design and implementation of a (100 kW) wireless charging system based on E core and U core based power transmitter and receiver architectures is reported by researchers from Korea Advanced institute of Science and Technology [7] . In [7] , the primary side architecture consists of a segmented in-verter and an elongated track which couples with 5 secondary coils of (20 kW) to transfer a total of (100 kW). From [8] , it can be inferred that the work focusing in high power wireless charging typically has a E core structure as the primary with multiple secondaries in parallel. A (1 MW) wireless charging system with a track serving as the primary and 4 secondaries rated at (250 kW) each is presented in [9] and is designed for charging of an electric rail road system. A single stage highpower wireless charging system with one 1-φ inverter, one pair of planar transmitter and receiver coils, and one 1-φ rectifier suitable for EV charging up to power levels of (100 kW) does not seem to be reported. The overall objectives of this paper are to present detailed design, development and validation of an optimal high-power single stage wireless EV charging system. The analysis and design of the power electronics, optimized WPT coil, resonant network analysis and (50 kW) experimental results are presented.
II. WPT COILS
The design of WPT coils is dependent on the power level, frequency of operation, the current carrying capacity of the conductors constituting the coil, and the power transfer height or the coil-to-coil distance. Circular and DD coils have been two of the prominent coil geometries used for wireless EV charging applications [4] , [10] . In this work, DD coil has been selected as the coil geometry owing to its higher power transfer height for a given coil diameter and current. The maximum and minimum DC link or input voltage to the inverter is selected to be 800 V and 650 V, respectively, envisaging the utilization of 1200 V semiconductor devices for the high frequency (HF) inverter. The upper limit of 800 V is selected to provide sufficient margin to the rated 1200 V of the semiconductor switch and the lower bound of 650 V represents the output of a 480 V 3 − φ front end power factor corrector circuit. Based on the DC link voltages selected, maximum primary coil current is set be 200 A. A custom made Type 2 Litz (5x5x5/33/38) wire with an equivalent AWG 2 current carrying capacity of 130 A is used in the design. A bifilar winding scheme is used to handle the maximum coil current of 200 A. The dimensions of the designed 100 kW DD coils are 825 mm × 609 mm × 33 mm. The secondary DD coil is identical to the primary coil. The details of the optimized coil design are in Table I .
The output power P O of a resonant inductive power transfer system is given by [3] 
where ω is the operating frequency, M is the mutual inductance, I pri is the primary coil current, Q 2 is the secondary loaded quality factor, and R L is the equivalent load resistance. From 1 it is seen that the output power P O is directly proportional to the operating frequency ω, mutual inductance M , primary coil current I pri and the secondary quality factor Q 2 . Once the wire gauge is chosen, the maximum primary coil current I primax is fixed. The upper limit of the operating frequency is set by the switching losses in the power electronics and hence, the objective is to optimize the product MQ 2 while minimizing the coil area. The coils were optimized to maximize power density by adjusting the number of turns and winding window dimensions to achieve the targeted mutual inductance while minimizing the total coil area. As a tradeoff between the switching losses in the power electronics and the coil dimension, an operating frequency of 22 kHz was selected which is also consistent with the frequency bands being considered for high-power wireless charging systems by the SAE J2954/2 standards development committee. The 100 kW DD coil with design details shown in Table  I was simulated in COMSOL FEA simulation package for a nominal coil-to-coil distance of 5 in. The simulated coil (primary and secondary coil are identical) and mutual inductances were 52.3 (μH) and 24.6 (μH), respectively and resulted in a coupling coefficient k of 0.47. Fig. 1 shows the simulated flux distribution in the ferrites for the 100 kW DD coil. The worst case losses in the DD coil pair by simulation was found to be around 2.0 kW. This is within the expected range of the thermal limits of the envisaged mechanical design of the coils and also indicates a minimum of 98% coil-to-coil power transfer efficiency.
III. RESONANT NETWORK
Resonant inductive WPT incorporates primary side resonance to reduce the reactive power to be processed by the inverter and secondary resonance to increase the secondary quality factor Q 2 and hence the output power capability. Series, parallel, and series-parallel resonant networks have been explored on both the primary side and the secondary side [3] - [10] . In many applications parallel tuning is not used as it can have lower power factor operation and hence a large reactive power. Although LCC-LCC and LCL-LCL tuning have load independent constant current source behavior, very good quality primary coil current I pri , and increased system level design flexibility they are not ideal for high power applications as it requires high current resonant inductors and additional capacitors which hamper the power density. Owing to its simplicity of operation and high power density, series resonant network has been chosen as the tuning architecture for both the primary side and the secondary side. Series-series compensated WPT system is shown in Fig. 2 . The circuit consists of an ac-dc front-end or a dc power supply feeding a HF inverter connected to the primary coil L 1 via series resonant capacitor C 1 , secondary coil L 2 connected to HF rectifier via series resonant capacitor C 2 , and an output filter C DCsec and the EV battery. The WPT coils L 1 and L 2 are magnetically coupled.
WPT coils can be modeled based on the loosely coupled transformer model [11] as shown in Fig. 3 . In Fig. 3, V impedance can be expressed as R L = 8 π 2 R out , where R out is load resistance equivalent to the power transferred at the battery terminals [12] . The primary and secondary resonant capacitance values are calculated to be 1 μF based on the simulated coil inductance value 52.3 (μH).
Important parameters corresponding to 100 kW operation can be derived based on Fig. 3 using the 100 kW coil parameters obtained from FEA simulation in Table I . The theoretically predicted values in Figures 4 and 5 correspond to a fundamental output voltage of the inverter V inv = 600 V and an output resistance R L = 3.42 Ω (100 kW operation). It can be seen in Figures 4(b) and (c) that the phase angle of the input impedance φ Zin and the input current φ Iin are close to zero. This implies the tuning is accurate and the reactive power in the inverter at rated power is minimal. It can be inferred from figures 5(a) and (d) the predicted primary coil current I pri = 177.5 A and output power P o = 100 kW . 100 kW WPT system was simulated in Saber circuit simulation platform. The circuit simulation uses the coil parameters obtained from FEA simulation. The input and output dc voltages were both 650 V, the duty cycle of the inverter was set to 0.95 and the switching frequency was 22 KHz. Circuit simulation results of the 100 kW WPT system are shown in Fig. 6 . It can be seen that the output power is ≈ 106 kW with 650 V input to the inverter.
IV. HF INVERTER AND RECTIFIER
Silicon (Si) IGBTs have been typically used for high power applications (P o 100 kW ), but they suffer from limited capability to operate at high frequencies f ≥ 20 kHz, and require large dead bands which reduce the available duty cycle and also potentially cause noise issues. CAS325M12HM2 1200 V/325 A Silicon carbide phase leg module from Wolfspeed with a maximum allowable junction temperature of (175
• C) is selected to be used for the HF inverter and the rectifier. The devices in the module have low on resistance R DSon ≤ 7.5 mΩ at 175
• C and rated current. The preliminary worst case losses estimated for 100 kW operation was considerably lesser than the allowed power handling capability of 1500 W per phase leg as per the data sheet. Additionally, CAS325M12HM2 is an optimized low stray inductance (≤ 5 nH) planar package which should enable higher frequency switching. CGD15HB62LP gate driver card compatible with CAS325M12HM2 is utilized in conjunction with a Texas Instruments DSP board to implement phaseshift control for the HF inverter. The CAS325M12HM2 has discreet SiC Schottky diodes which is utilized as the secondary side rectifier. Additionally, operating frequency for the highpower charging systems (≥ 22 kW) has not been determined by SAE J2954/2; the standards development committee on Wireless Power Transfer of Heavy Duty Plug-in Electric Vehicles and Positioning Communications. As of now, there are two operating frequency bands that are being discussed for the WPT Level-4 chargers that are 21-38kHz or 42−56.19 kHz bands. SiC phase-leg module based inverter has been selected over an IGBT based inverter as the 42−56.19 kHz operation is also possible with the CAS325M12HM2 SiC phase leg based design.
The control system of the inverter is implemented using a TMS320F28335PGFA DSP module from Texas Instruments. While generating the switching signals, dead band control, shoot-through prevention, and condition monitoring based protection and termination systems have also been taken into account. For demonstration purposes, the inverter is controlled and monitored via a CAN interface through a host computer. A simple phase-shifted PWM scheme is implemented in openloop configuration for the purpose of laboratory validation.
V. PROTOTYPE AND EXPERIMENTAL VALIDATION
The designed high power DD coils with parameters corresponding to Table I were assembled and is shown in Fig. 7 . The overall dimensions of the assembled coils are 876 mm x 673 mm. The measured primary and secondary coil inductances were 50.86 (μH) and 50.91 (μH), respectively. The coupling coefficient was measured to be k = 0.44. Series-parallel combination of high frequency polypropylene conduction cooled capacitors were utilized to obtain the required 1 μF capacitance with the ability to withstand a voltage of 2400 V RMS. Fig. 8 shows the predicted input impedance of the WPT coils connected with the primary and secondary resonant network with and a load resistor of 5 Ω. The prediction is based on the model shown in Fig. 3 with measured values of the coil and resonant capacitor parameters. Fig. 9 was obtained using a Venable 7400 frequency response analyzer. It can be observed from Fig. 9 that the resonant Commercially available cold-plate CP3009 from MICRO-COOL was used along with a 0.5 mm thermal interface material with a thermal conductivity of 5W/mK to assemble the HF inverter using the Wolfspeed SiC phase-leg module CAS325M12HM2. Custom bus bars were designed and prototyped in the Author's laboratory. The worst-case stray inductance from the bus bar was estimated to be less than 20 nH based on FEA simulation. CGD15HB62LP a commercially available gate-driver compatible with the selected SiC phase leg module was utilized for driving the MOSFETs of the HF inverter. Two 900 V rated 947D type polypropylene capacitors manufactured by Cornell Dubillier with a capacitance value of 1.2 mF each are used as the DC link capacitors for the HF inverter. TMS320F28335PGFA DSP module from Texas Instruments is used to implement an open-loop phase-shifted PWM control. Two identical inverter units were assembled with one envisaged to operate as the HF inverter and the other to be used as the secondary rectifier. The prototype of the HF inverter assembled is shown in Fig.10 . EM Power 450 V/100 kW DCE DC emulator and NHR 9300 1200 V/100 kW were used as the source and the load for the experiment, respectively. The WPT system was tested up to 50 kW with an input voltage of 439 V and an output voltage of 479 V. A 26 Ω load resistor was used in parallel with the NHR 9300 electronic load which was set at 5.5 Ω. Fig. 11 shows the key inverter output voltage and current and the secondary rectifier input voltage and current for 50 kW operation.
In Fig. 12 element 1 is the input of the HF inverter and element 5 is the output of the HF rectifier. It can be noted that the end-to-end efficiency (dc-to-dc) is 96.9 %. The overall error in the measurement is estimated to be less than 1 % which includes the inaccuracies of the sensors and the power analyzer. Considering the tolerance range, the estimated efficiency is still expected to be around 96 %. 
VI. CONCLUSION AND FUTURE WORK
An optimized DD coil has been designed and prototyped based on FEA simulations and system level considerations. A single phase state-of-the-art 1200 V SiC phase leg modules (CAS325M12HM2) based high efficiency inverter is designed, assembled and utilized to enable a high power stationary wireless charging system capable of transferring 100 kW. The resonant stage was analyzed based on the loosely coupled transformer model and the analyses agreed well with experimental measurements obtained using Venable frequency response analyzer. The wireless charging system was tested at 50 kW and had a measured efficiency of 96.9 % at a coil-tocoil gap of 5 in.
